Objectives The aims of this manuscript were to review the evidence for the efficacy and safety of cladribine in multiple sclerosis (MS) and to review the molecular and cellular mechanisms by which cladribine acts as a disease-modifying therapy in MS. Methods This is a narrative review of the available clinical and preclinical data on the use of cladribine in MS. results Clinical trial data argue strongly that cladribine is a safe and effective therapy for relapsing MS and that it may also be beneficial in progressive MS. The pharmacology of cladribine explains how it is selectively toxic towards lymphocytes. immunophenotyping studies show that cladribine depletes lymphocyte populations in vivo with a predilection for B cells. in vitro studies demonstrate that cladribine also exerts immunomodulatory influences over innate and adaptive immunity.
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Objectives The aims of this manuscript were to review the evidence for the efficacy and safety of cladribine in multiple sclerosis (MS) and to review the molecular and cellular mechanisms by which cladribine acts as a disease-modifying therapy in MS. Methods This is a narrative review of the available clinical and preclinical data on the use of cladribine in MS. results Clinical trial data argue strongly that cladribine is a safe and effective therapy for relapsing MS and that it may also be beneficial in progressive MS. The pharmacology of cladribine explains how it is selectively toxic towards lymphocytes. immunophenotyping studies show that cladribine depletes lymphocyte populations in vivo with a predilection for B cells. in vitro studies demonstrate that cladribine also exerts immunomodulatory influences over innate and adaptive immunity. Conclusions Cladribine is a safe and effective form of induction therapy for relapsing MS. its mechanism of benefit is not fully understood but the most striking action is selective, long-lasting, depletion of B lymphocytes with a particular predilection for memory B cells. The in vivo relevance of its other immunomodulatory actions is unknown. The hypothesis that cladribine's action of benefit is to deplete memory B cells is important: if correct, it implies that selective targeting of this cell population and sparing of other lymphocytes could modify disease activity without predisposing to immunosuppression-related complications.
INTrOduCTION
Cladribine is a synthetic purine nucleoside analogue initially developed as a treatment for haematological malignancies. 1 It is now used for a range of indications including hairy cell leukaemia, low-grade B cell lymphomas, Langerhans cell histiocytosis, acute myeloid leukaemia, refractory coeliac disease and multiple sclerosis (MS). [2] [3] [4] [5] [6] [7] [8] MS is a common, disabling, inflammatory demyelinating and degenerative disease of the central nervous system (CNS). The effectiveness of immunosuppressive and immunomodulatory treatments for MS demonstrates that autoreactive lymphocytes play a role in the pathogenesis of MS. However, the precise cellular, humoral and cytokine mechanisms that underpin the development and progression of the disease are not fully understood. 9 Deficiency of adenosine deaminase (ADA) causes a severe combined immunodeficiency characterised by profound lymphopaenia. Carson and Beutler discovered that lymphocyte death in this condition results from the accumulation of toxic levels of deoxyadenosine triphosphate (dATP).
10 11 2-Chlorodeoxyadenosine (2-CdA, cladribine), a compound structurally similar to deoxyadenosine but relatively resistant to ADA-mediated degradation, was developed to exploit the lymphocyte-specific toxicity of dATP to achieve therapeutic depletion of lymphocytes.
discussion/observations Pharmacokinetics
Cladribine can be administered parenterally or orally as it has an estimated bioavailability of 40%. 12 It is largely excreted unchanged in the urine and has good CNS penetration with the cerebrospinal fluid concentration estimated to be around 25% of plasma concentration in healthy subjects. 12 Bloodbrain-barrier disruption, a common pathological finding at all stages of the MS disease process, may predispose to greater CNS penetration.
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Clinical efficacy Phase I/II trials
Initial evidence of efficacy in people with MS (pwMS) emerged from studies on advanced, progressive MS. In the MS-Scripps trial, 51 people with progressive MS of >2 years duration received placebo or intravenous cladribine 0.1 mg/kg/day during the first year of the study, 15 followed by a crossover arm in year 2. Disability, measured by the expanded disability status scale (EDSS), progressed during the first year in the placebo group but was stable in the cladribine group. 15 An EDSS plateau of shorter duration was also seen in the initial placebo arm when they received active treatment in year 2. EDSS progression resumed in the initial active treatment arm once they crossed over to placebo. While around 50% of participants had evidence of gadolinium (Gd)-enhancing lesions on T1-weighted MRI brain at enrolment, only 1/42 participants continued to have such lesions at 24 months. The time course of conversion to radiological absence of Gd-enhancing lesions closely followed cladribine treatment, suggesting that cladribine prevented the development of new Gd-enhancing lesions. 15 In the MS-001 trial, 159 people with progressive MS were randomised to receive placebo, low-dose subcutaneous cladribine or high-dose cladribine. 16 At 12 months of follow-up, cladribine treatment had no effect on EDSS progression, but it did minimise radiological progression as evidenced by new T1-Gd lesions and T2-weighted lesions. 16 There are several possible explanations for the lack of clinical benefit seen in this trial. The MS-001 population had a very high baseline EDSS (median of 6.0), were followed up for a relatively short period of time (1 year) and had a high proportion of people with primary progressive MS (30%). The disconnect between the radiological and clinical findings probably represents a lack of response among the people with primary progressive disease, as the bulk of the radiological benefit was seen in the people with SPMS. These data do not provide definitive evidence of clinical benefit in progressive MS, but are sufficient to justify a phase III trial powered to detect delays in disability progression over a feasible timescale (2 years or more) and using outcome tools that measure functions with persistent reserve capacity. 17 There is stronger evidence for cladribine in relapsing MS. The ONWARD study assessed the efficacy of oral cladribine (3.5 mg/ kg) as an adjunct to Interferon (IFN)-beta in active relapsing MS. Participants were randomised to receive IFN-beta alone or IFN-beta plus. Over 2 years of follow-up, cladribine was associated with a lower annualised relapse rate (0.12 vs 0.32) but had no effect on EDSS progression. The mean numbers of new T1 Gd-enhancing lesions and active T2-weighted lesions were lower in the cladribine group. 18 The MS-Scripps-C trial randomised 52 people with relapsing MS to receive placebo or subcutaneous cladribine. Over 18 months of follow-up, cladribine was associated with an improvement in relapse rate, relapse severity and MRI measures of disease activity. 19 Another phase II randomised 84 people with relapsing MS to subcutaneous cladribine or placebo for 1 year, followed by a crossover in year 2. 20 Cladribine was associated with a reduction in the annualised relapse rate (0.15 vs 0.42 in year 1) and some evidence of residual benefit persisting after treatment discontinuation; the relapse rate in the initial active-treatment arm was 0.42 in year 2 compared with 0.86 at baseline. 20 
Phase III trials
Two phase III trials were carried out to confirm the clinical effectiveness of cladribine in early and established relapsing MS. In the Oral Cladribine for Early MS (ORACLE-MS) trial, participants were enrolled if they had experienced a first clinical demyelinating event within 75 days, two or more clinically silent lesions on T2-weighted MRI and an EDSS of 5.0 or less. 8 A total of 616 participants were randomised to receive placebo, 5.25 mg/kg of oral cladribine or 3.5 mg/kg of oral cladribine. 8 There was a statistically significant reduction in the risk of conversion to Poser criteria-defined MS within the 96-week study period in both cladribine groups compared with placebo. 21 Cladribine was also associated with a significantly lower burden of Gd-enhancing lesions on T1-weighted MRI and a reduction in the number of new or enlarging lesions on T2-weighted scans. 8 Participants who had CDMS entered an open-label maintenance period during which they received treatment with IFN. Of 109 participants in this arm, the annualised relapse rate was lower in both groups initially treated with cladribine compared with placebo. These results suggest a long-term benefit to cladribine therapy after discontinuation of the drug despite progression to CDMS. 22 The CLARITY trial (CLAdRIbine Tablets treating MS orallY) recruited participants with relapsing-remitting MS who had had at least one previous relapse in the preceding 12 months and an EDSS of 5.5 or less. 7 A total of 1326 participants were randomised to 5.25 mg kg −1 of oral cladribine, 3.5 mg kg −1 of oral cladribine or placebo. The annualised relapse rate at 96 weeks of follow-up was significantly lower in the cladribine groups versus placebo. Cladribine improved the proportion of participants who did not have any relapses during the study period, the time to the first relapse and the odds of requiring rescue, and the risk of 3-month sustained disability progression in the cladribine groups. 7 Furthermore, at 96 weeks of follow-up, oral cladribine improved the proportion of participants who remained free from disease activity, a combined metric including freedom from relapses, disability and MRI evidence of disease activity; 44% of the low-dose group, 46% of the high-dose group and 16% of the placebo group achieved sustained freedom from disease activity at the end of the study period. 23 Cladribine treatment was associated with an increase in the proportion of participants who remained free from Gd-enhancing lesions and new T2 lesions at the end of the 96-week study period. 24 There was also a statistically significant reduction in annual brain volume loss in the cladribine treatment groups compared with placebo. 25 The positive clinical effects were further underpinned by positive Quality of life data also indicated significant improvement in one out of the two metrics used (EQ-5D) in the cladribine versus placebo groups. 26 Notably, the recently published 2-year blinded, placebo-controlled extension study to CLARITY demonstrated that there was no significant difference in terms of relapse rate or disability progression between the groups receiving 2 years total and 4 years total of cladribine. 27 In summary, there is level 1B evidence that, in relapsing MS, induction treatment with cladribine reduces the risk of conversion from a first demyelinating event to CDMS, reduces the relapse rate, the risk of disability progression and MRI defined disease activity. It is also associated with a significant probability of achieving no evident disease activity and improved quality of life.
On the basis of this evidence, the National Institute for Clinical Excellence (NICE) now recommends the use of cladribine tablets (TA493) for people with high active MS if the person has 'rapidly evolving severe relapsing-remitting MS, that is, at least two relapses in the previous year and at least one T1 Gd-enhancing lesion at baseline MRI' or 'relapsing-remitting MS that has responded inadequately to treatment with disease-modifying therapy (DMT), defined as one relapse in the previous year and MRI evidence of disease activity'. 28 Although the evidence is best for relapsing disease, the ONWARD trial suggests that the use of cladribine may be useful as an adjunct in 'secondary progressive' disease, for people who are still having relapses as well as gradual disability progression. 18 Furthermore, we feel that there is sufficient phase I and II trial evidence 15 16 to make the case for a phase III trial of cladribine in advanced progressive MS to assess whether cladribine could improve metrics of progression beyond the EDSS, such as upper limb function 17 and cognition, as has been successfully demonstrated for natalizumab. 29 
safety
In both ORACLE-MS and CLARITY, the most common adverse events were headache, nasopharyngitis and lymphopaenia. The proportion of participants experiencing severe adverse events was slightly higher in the cladribine groups in both studies. Opportunistic infections were more common in the cladribine groups of both studies. In CLARITY, three cases of malignant neoplasms were reported in the cladribine group, including a melanoma, pancreatic carcinoma and ovarian cancer. In addition, one choriocarcinoma was reported in the high-dose cladribine Neuro-inflammation group 9 months after study discontinuation. 7 No neoplasms were reported in the placebo group. Furthermore, the incidence of serious infection was higher in the cladribine groups (2.6% vs 1.6%). The apparent increase in cancer risk seen in CLARITY is likely due to an abnormally low cancer incidence in the placebo population (n=0), as the cancer incidence in the treatment arms was comparable to treatment and placebo groups in other phase III trials of DMTs for MS. 30 Cladribine is presumed to be highly teratogenic based on its mechanism of action and results from animal models. However, the long-term effects of cladribine on fertility are unknown. Preclinical safety studies reported by the manufacturer suggest that cladribine does not affect fertility. Successful pregnancy has been reported following cladribine treatment for other conditions. 31 32 The summary of product characteristics recommends exclusion of pregnancy before each cycle of cladribine and additional contraceptive caution for at least 6 months following the last dose.. For male patients, contraceptive precautions are recommended for at least 6 months following the last dose of cladribine. Breastfeeding is contraindicated during treatment and for 1 week after the last dose.
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Cellular mechanisms
Cladribine is actively transported into cells via specific transmembrane nucleoside transporters and extruded by ATP-binding cassette C4 exclusion pump. 34 35 Whereas deoxyadenosine is vulnerable to ADA-mediated conversion to deoxyinosine, cladribine is resistant (but not insensitive) to the action of ADA due to the substitution of a chlorine atom for a hydrogen at position 2 of the purine ring. 36 The initial phosphorylation of cladribine to cladribine-monophosphate is catalysed predominantly by deoxycytidine kinase (DCK), although there is some contribution from mitochondrial deoxyguanosine kinase. 34 35 The action of DCK is opposed by the phosphorylase activity of cytosolic 5'-nucleotidases (5-NT). The cytosolic 5-nucleotidase isozymes c-NT1A and c-NT1B are the predominant enzymes involved in cladribine metabolism given their specificity for adenosine metabolites. 37 38 DCK catalyses the rate-limiting step in the nucleotide salvage pathway, which is involved in replenishing the deoxynucleoside-triphosphate (dNTP) pool for DNA synthesis. The relative levels of enzymatic activity of DCK and 5-NT appear to determine the sensitivity (or resistance) of the cell to cladribine toxicity: a high DCK:5-NT ratio renders the cell more susceptible to cladribine toxicity in cell lines and in patient-derived peripheral blood lymphocytes. [38] [39] [40] [41] [42] [43] [44] [45] [46] Sequential phosphorylation of cladribine by DCK, AMP kinase and nucleoside diphosphate kinase generates cladribine-triphosphate (CdA-TP), the active form that mediates cellular cytotoxicity (figure 1).
Cladribine is toxic to both resting and proliferating lymphocytes through a variety of mechanisms. During DNA synthesis, CdA-TP is incorporated into the 3' end of the growing DNA strand, inhibits further chain elongation by DNA polymerase II and therefore leads to the accumulation of single-strand breaks, promoting p53-dependent and independent apoptosis. 47 Similarly, during DNA repair, CdA-ATP competes with dATP for incorporation into the repair site and prevents functional DNA repair. In addition to these effects on DNA synthesis and repair, CdA-TP inhibits ribonucleotide reductase (RNR), and thereby depletes the size of the dNTP pool available for DNA synthesis. 48 The relative deficiency of available dATP produced by RNR inhibition favours the incorporation of CdA-TP into DNA, perpetuating the cytotoxic effects of the drug. Once CdA-TP is incorporated into DNA, it impairs transcription, leading to a reduction in full-length mRNA transcripts which presumably dysregulates gene expression and disrupts protein synthesis. 49 CdA-TP also promotes apoptosis via a direct effect on mitochondrial permeability; it induces mitochondrial release of cytochrome c and apoptosis-inducing factor, leading to downstream activation of the caspase 3 pathway and subsequent apoptosis. 50 The relative importance of these various mechanisms is not fully understood but clearly depends on the abundance and distribution of intracellular nucleoside pools, the cell type, stage of the cell cycle and the relative expression levels of the enzymes involved in cladribine metabolism and targeted by cladribine. The relevant mechanism of cytotoxicity probably differs substantially between proliferating and non-proliferating cells.
Effects on circulating lymphocyte populations
Cladribine may modify the disease course in MS by depleting circulating autoreactive B and T lymphocytes which are thought to drive inflammatory demyelination, axonal degeneration and neuronal loss seen in lesional and non-lesional CNS. 51 Analysis of lymphocyte populations from clinical trials in MS have shed further light on the magnitude, kinetics and specificity of lymphocyte depletion produced by cladribine.
Immunophenotyping of 309 CLARITY participants revealed that cladribine administration leads to rapid, profound and longlasting lymphocyte depletion. 52 The mean number of lymphocytes reached a nadir with the end of the second cycle and was sustained throughout the study period. Maximum depletion was approximately 45% (low-dose) and 33% (high-dose) of baseline. The same magnitude and kinetics of depletion were mirrored in CD4 + and CD8 + T cells. Both CD45RA + naïve and CD45RA -memory T cell subsets were depleted in a similar fashion. While both T cells and B cells were depleted by cladribine, the magnitude and kinetics of depletion between them was very different. T cells were depleted early, remained suppressed at a plateau of ~50% of baseline and were depleted in a dose-dependent manner. B cells on the other hand were depleted by around 90% after the first cycle, repopulated within 40 days to 80% of pretreatment levels and were again depleted rapidly following the second cycle to around 20% of baseline levels. The magnitude and kinetics of B cell depletion were similar between the two doses of cladribine, with the only notable difference being Figure 2 Representative RNAseq data extracted from the primary cell atlas meta-analysis of published transcriptomic atlases on bioGPS. mRNA expression levels as extracted from the meta-analysis are shown for the three primary genes involved in cladribine metabolism, DCK and the two cytosolic 5-nucleotidase isoforms most involved in adenosine metabolism. Data are shown for B and T lymphocytes. DCK, deoxycytidine kinase.
that participants receiving the lower dose repopulated faster, but reached the same proportion of baseline, following the first cycle of treatment. 52 Similar findings were reported from the Scripps trials; cladribine was associated with rapid, prolonged lymphocyte depletion. Of note, the CD3 +T lymphocyte count was suppressed to <25% of baseline within 6 months, reached a nadir and remained at a plateau despite crossover to placebo. 15 This effect was mirrored in the CD4+ and CD8+ populations as expected, although the extent of CD4+ depletion was greater than for the CD8+ population, with the CD4+ count reaching around 15% of baseline at 3-6 months. The CD19+ count was depleted significantly following treatment to a nadir of around 10% of baseline levels, repopulated partially and did not recover to baseline levels at the end of the study despite the crossover washout period of 12 months. 15 These data indicate that pulsed 'induction' therapy with cladribine leads to long-lasting lymphocyte depletion which persists well beyond drug administration. In addition, while all lymphocyte subsets appear vulnerable to cladribine-mediated cytotoxicity, the B cell population is depleted to the greatest extent, although with faster recovery compared with T cells.
However, the magnitude and kinetics of depletion vary substantially within the B cell population. Converging lines of evidence suggest that memory B cells (CD19 + CD27 + ) may be particularly susceptible to cladribine. First, publicly available gene expression profiles indicate that the ratio of DCK:5-NT is higher at almost all stages of B cell differentiation than T cell differentiation (figure 2) (http://www. biogps. org). Furthermore in addition to elevated DCK, 46 B cells express lower levels of ADA protein than T cells. 53 The DCK:5-NT ratio is particularly high in germinal centre B cells, the precursor to canonical class-switched T-cell-dependent memory B cells. Proteomic data indicate that in lymphoid organs where B cell maturation takes place, DCK is highly expressed whereas c-5NT1a and c-5NT1b proteins are almost undetectable (http://www. proteinatlas. org). The vulnerability of lymphoid follicle-resident lymphocytes to cladribine toxicity suggests that multiple stages of the germinal centre reaction may be inhibited by cladribine. Second, depletion of memory B cells may be a unifying feature of effective DMTs for MS 9 ; there is a strong correlation between the extent of memory B cell depletion and the effectiveness of a particular DMT. As cladribine has demonstrated comparable efficacy with the most potent DMTs available, we would anticipate that it would deplete memory B cells. Third, in CLARITY, although cladribine produced profound, long-lasting depletion of B cells, the CD19 + counts at any individual time point did not differ significantly between those who experienced at least one relapse and those who remained relapse-free. One explanation for these data is that lack of access to full clinical dataset reduced the power of the analysis. Another explanation is that using the total CD19 count masks the contribution of the CD19 + CD27 + memory population, which constitutes roughly 30% of the circulating CD19+ population. 54 Furthermore, depletion of lymphoid-resident lymphocytes may not be reflected in analysis of peripheral blood lymphocytes. Fourth, we have demonstrated that, at 1-year postcycle, cladribine treatment is associated with a profound reduction in peripheral unswitched memory B cells (IgD+CD27+) and classswitched memory B cells (IgD-CD27+) compared with healthy controls and untreated pwMS. 55 Given the recent observation that the abundance of some subsets of antigen-experienced B cells (IgD-CD27+ switched memory cells and plasma cells) within the CSF is correlated with disease activity, 56 it is plausible to suggest that cladribine reduces disease activity in MS by depleting circulating memory B cells and thus reducing the influx of these cells into the CNS.
From depletion to modulation
The influence of cladribine on the immune system probably extends beyond lymphocyte depletion in vivo. First, cladribine also depletes various innate immune cells including NK cells and monocytes, although to a lesser extent than lymphocytes. 50 52 In the CLARITY dataset, cladribine led to rapid depletion of CD56 + NK cells consistent with their DCK expression 52 ( figure 2) . Second, cladribine penetrates the CNS and may
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deplete CNS-resident immune cells in vivo. In vitro, cladribine induces apoptosis in cultured rat microglia via dissipation of the mitochondrial membrane potential and subsequent caspase 3 activation. 57 Neither phagocytosis nor LPS-induced NO or TNFα release were affected by cladribine, suggesting that the drug may affect microglia by inducing apoptosis, rather than by modulating microglial signalling. 57 Third, cladribine may influence the cytokine milieu independently of its leucocyte-depleting action. In a study of 50 pwMS, subcutaneous cladribine was associated with a rise in the plasmacytoid:myeloid dendritic cell ratio. 58 In healthy human monocyte-derived DCs, cladribine reduced endocytosis of FITC-dextran. 59 Interestingly, when murine DCs loaded with a MOG peptide were incubated with or without cladribine in the presence of MOG-specific naïve T cells, cladribine was associated with a higher proportion of T cells developing into IL-10-producing cells and a lower proportion developing into IFNγ and TNFα-producing cells. These data suggest that cladribine inhibits DC phagocytosis, polarises DCs towards a tolerogenic phenotype and thus promotes differentiation of naïve T cells into Treg cells. 59 Notably, cladribine also inhibits T cell activation without affecting cell viability. Overnight incubation of healthy lymphocytes with cladribine reduced stimulation-induced IFNγ and TNFα secretion by around 50%. 60 Adding deoxycytidine, a competitive antagonist for DCK-dependent phosphorylation, prevented cell death but did not normalise stimulation-induced cytokine secretion or T cell activation. These results indicate that the T cell-modulating effects of cladribine are at least partly independent of lymphocyte toxicity and are partly independent of DCK. 60 This effect is long-lasting; when healthy PBMCs were incubated with cladribine for 72 hours and subsequently cultured for up to 58 days in the presence of IL-2, there were no longlasting effects of cladribine exposure on proliferation. However, there were long-lasting effects on the cytokine response to TCR crosslinking. Cladribine led to an increase in production of IL-4, IL-5, IL-10, with no change in other cytokines. 61 It is possible that cladribine may bias T cell differentiation towards a tolerogenic phenotype: this effect could explain the observation that, in CLARITY, clinical benefit outstripped and outlasted the relatively mild and short-lived T cell depletion.
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From modulation to migration
Cladribine may also inhibit the recruitment of circulating leucocytes to the CNS compartment and thereby limit the degree of CNS inflammation in MS. Using an in vitro Boyden Chamber assay, Kopadze et al assessed chemotaxis of PBMCs from five pwMS and five controls in the presence and absence of cladribine. 62 Cladribine reduced the proportion of unstimulated PBMCs which successfully migrated from 8% to 1.4%. 62 Chemotaxis in vivo is partly dependent on chemokine signalling. Interestingly, cladribine incubation reduced the production of chemokines by monocyte-derived human DCs. 59 There was a reduction in the amount MIP-1a, MIP-1b and MIG and a commensurate decrease in monocyte chemotaxis in vitro. 59 Furthermore, in a study of 25 pwMS, cladribine treatment reduced serum and CSF levels of the chemokine RANTES while only reducing CSF, but not serum, IL-8 (a neutrophil chemoattractant). 63 Thus, cladribine reduces chemokine production in vitro and in vivo and reduces chemotaxis in vitro. It will be interesting to determine whether pwMS treated with cladribine have evidence of reduced immune cell infiltration into the CNS associated with treatment, analogous to the effect of natalizumab.
CONClusION
Cladribine is a safe and effective treatment for relapsing forms of MS. Its mechanisms of benefit are unclear but complex. Cladribine selectively depletes lymphocytes and has a predilection for B lymphocytes. Memory B lymphocytes appear particularly vulnerable to this depletion. Aside from its pro-apoptotic effects, cladribine promotes immune tolerance and reduces immune cell infiltration into the CNS. Further work is required to clarify which B cell subsets are most affected, the relationship between lymphocyte depletion and disease activity, the benefits of cladribine in progressive MS and the in vivo effects of cladribine on BBB permeability to immune cells.
